Abstract: Two thioacetyl-terminated ferrocene-anthraquinone donor-acceptor molecules with different π-electron conjugative units have been synthesized via a series of Stille and Sonagashira reactions. Their photochemical and electrochemical properties before and after addition of an organic acid are investigated, indicating that these complexes are sensitive to external perturbation of protonation, leading the structural change to an expansion of π-conjugated system by cyclocondensation reaction and promoting intramolecular electron transfer from donor to acceptor. They would be good candidates for studies of novel SAMs, and the properties triggered by protonation-induced intramolecular electron transfer will make the SAMs be useful in designing new functional molecular devices.
Introduction
The study of donor-acceptor (D-A) molecules is a fascinating topic, crucial for addressing fundamental aspects in academic and technological applications since a variety of biological processes and artificial devices are based on donor-acceptor interactions, such as photosynthesis and optoelectronic devices [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . To date, a large number of donor-acceptor assemblies with photo-and electro-active units have been constructed to study their structure-property relationships for a better understanding of the electron-transfer reactions between the donor and acceptor moieties [14] [15] [16] [17] [18] [19] [20] [21] . Recently, a π-conjugated donor-acceptor system, in which ferrocene (Fc) was used as the donor, anthraquinone (Aq) as the acceptor, and ethynylene as the π-conjugated linker, has been studied in detail in solution and solid form by our group [22] [23] [24] [25] [26] [27] . It is interesting that the conjugated Fc-Aq compounds are sensitive to the external stimulus of protonation, leading to an expanded π-conjugated system formed by a cyclocondensation reaction and simultaneously displaying significant changes in their optical, structural, and magnetic properties. Moreover, the expanded π-conjugation promotes intramolecular electron transfer from donor to acceptor and results in a temperature-dependent valence tautomerization (VT) between two redox-active sites (Scheme 1) [26, 27] .
Scheme 1. Valence tautomerism of protonated 1-FcAq in solid form.
With self-assembled monolayers (SAMs) constituting an essential element of nanotechnology and molecular engineering, this technique allows one to achieve desired functionality at a molecular scale and offers an efficient way for the engineering of nanometer-scale devices [28] [29] [30] [31] [32] [33] . Nowadays SAMs capable of performing specific functions (e.g., chemical recognition, light harvesting, mechanical motion, etc.) are attracting much attention due to their role as promising candidates for novel classes of materials. Since the above Fc-Aq D-A complexes exhibit intriguing electroactive and switching properties in solution and the solid state, this attracted us to design complexes containing such π-conjugated systems with bistability to be immobilized on a solid support, and then to study and control their unique functions at a molecular level by physical and chemical external stimuli. Thus, two thioderivative π-conjugated ferrocene-anthraquinone precursors capable of self-assembly on a metal substrate, abbreviated as AqFcSAc and FcAqFcSAc, were prepared (Scheme 2).
Results and Discussion

Synthesis
The above thio-derivative ferrocene-anthraquinone complexes were prepared by a series of Stille and Sonogashira cross-coupling reactions, as outlined in Scheme 2. Fc(SnMe 3 ) 2 underwent Pd(PPh 3 ) 4 catalyzed Stille coupling with 1-BrAq or 1-Br-5-FcAq, followed by hydrolysis, to afford AqFcH or FcAqFcH. AqFcH or FcAqFcH reacted by Sonogashira coupling with 1-iodo-4-ethanethioylbenzene using Pd(dba) 2 /PPh 3 /CuI as catalysts to obtain the target compound AqFcSAc and FcAqFcSAc. It should be noted that during the Stille reaction of Fc(SnMe 3 ) 2 with 1-BrAq or 1-Br-5-FcAq, the corresponding bicoupled products would be inevitably formed. Two methods could be adopted to increase the yield of the monosubstituted products of AqFcH and FcAqFcH: use of less than one-half of the equivalent amount of 1-BrAq or 1-Br-5-FcAq required for the reaction, and slowly dropping the solution of 1-BrAq or 1-Br-5-FcAq into the mixtures of Fc(SnMe 3 ) 2 , and displayed an isotopic pattern identical with the simulated one. All the results given above were thus in good accordance with the proposed structures. Since other byproducts would inevitably be produced in the reactions, the yield of the corresponding products in each step was not very high.
Electronic properties
The electronic spectra of AqFcSAc and FcAqFcSAc in dichloromethane are shown in Figure 1 . The characteristic peaks of AqFcSAc are at 368 and 490 nm, and those of FcAqFcSAc are 382 and 504 nm, corresponding to n-π * and MLCT bands, respectively [22] [23] [24] [25] [26] [27] . The introduction of the electron-withdrawing group p-thioacetylbenzoethynyl moiety on the ferrocene in these thio-derivative complexes led the λ n-π * and λ MLCT electronic absorbance peaks to blue shift compared with those in complexes of 1-FcAq and 1,5-Fc 2 Aq (the characteristic peaks of 1-FcAq in dichloromethane are 380 and 512 nm, and those of 1,5-Fc 2 Aq are 390 and 518 nm, respectively [22] ). Similar to those of 1-FcAq and 1,5-Fc 2 Aq, the thio-derivative complexes AqFcSAc and FcAqFcSAc are also sensitive to acid, and the solution of them changed immediately from red to deep reddish-purple upon acid addition, corresponding to the UV-vis-near-IR absorption spectral change, as shown in Figure 1 . We consider that cyclocondensation reaction is also performed in these two complexes upon acid addition, forming an expanded π-conjugated system [22] [23] [24] [25] [26] [27] . From Figure 1 , it is evident that two new bands appeared and increased in intensity at longer wavelength while the n-π * band of the anthraquinone moiety at lower wavelength disappeared as trifluoromethanesulfonic acid (TfOH) was stepwise added in dichloromethane solution of AqFcSAc. The one in the visible region at λ max = 510 nm can be attributed to π -π * band due to the formation of an expanded π-conjugated system upon cyclocondensation, and the other broad band in the near-IR region at λ max = 974 nm with the half-width Δν 1/2 = 2.2 × 10 3 cm -1 may be ascribed to the intervalence charge transfer (IVCT) transition mainly from donor to acceptor [26, 27] . While for complex FcAqFcSAc, the case is a little different. As TfOH was gradually added, the π-π * band at longer wavelength (λ max = 538 nm) emerged and increased in intensity below two equivalents at first, then decreased in intensity past two equivalents. Moreover, besides the new broad band corresponding to the intervalence charge transfer (IVCT) transition appeared in the near-IR region (λ max = 1058 nm), two other new bands also emerged in the visible region at 738 and 852 nm, which are quite similar to those of the semiquinone form of anthraquinone derivatives [22, 34] .
Thus the UV-vis-near-IR spectra changes upon stepwise addition of TfOH reveal that both AqFcSAc and FcAqFcSAc respond to organic acid and undergo a protonation-induced cyclocondensation reaction, causing a structural change of the ethynylene linker to expanded π-conjugated oxygen-fused ring.
Electrochemical properties
The electrochemical properties of the above thio-derivative complexes were also studied. Cyclic voltammograms of AqFcSAc and FcAqFcSAc, together with their protonated species by stepwise addition of TfOH are shown in Figure 2 [22, 23, 27, 36, 37] . After TfOH was added in stepwise fashion, the three original redox waves gradually disappeared and two new reversible redox waves at a more positive region were observed at -113 mV and 419 mV vs. Fc/Fc + , respectively. The wave at -113 mV can be assigned to the reduction of the dibenzopyrylium moiety due to cyclocondensation, and the wave at 419 mV is ascribed to the oxidation of the ferrocene moiety [27] . , respectively. The wave around 114 mV corresponds to the ferrocene moiety not substituted by the thio-derivative group, while the wave around 220 mV corresponds to the thioacetyl benzoethynyl substituted ferrocene moiety. As the stepwise addition of TfOH, its protonated complex formed gradually, accompanied by the gradual disappearance of the redox peaks of the anthraquinone moiety instead of the formation of a new reversible wave corresponding to the dibenzopyrylium moiety at a more positive potential around -82 mV vs. Fc/Fc + [27] . Simultaneously, a new reversible redox wave at a slightly more positive potential around 270 mV vs. Fc/Fc + , corresponding to the ferrocene moiety near the dibenzopyrylium ring appeared, which overlapped with the redox peak of the ferrocene moiety adjacent to the thioacetyl benzoethynyl group.
The most remarkable discrepancy of the electrochemical properties between the unprotonated and protonated forms is that the first reduction wave of the protonated form is largely shifted in the positive direction. The difference between the first reduction potential and the first oxidation potential of AqFcSAc and its protonated species is 1,573 mV and 532 mV, respectively, and that of FcAqFcSAc and its protonated form is 1,496 mV and 352 mV, respectively. All the above suggests that the LUMO level of the protonated form is lowered upon the cyclization reaction [27] , leading to a smaller HOMO-LUMO gap and transition bands in lower energy region, which is consistent with the UV-vis-NIR results described above. And it can be seen from the data that the HOMO-LUMO energy gap of these two protonated thioacetyl-terminated ferrocene-anthraquinone complexes is smaller than that of 1-ferrocenylethynylanthraquinone (610 mV) [27] , which may better promote intramolecular electron transfer in these thio-derivative protonated species. So we speculate that valence tautomerism would also exist in the solid state of the above thio-derivative protonated forms. Moreover, the electrochemical investigation reveals that the HOMO-LUMO energy gap of FcAqFcSAc and its protonated form is lower than that of AqFcSAc and its protonated form, which is in accordance with the result that the compound with the larger π-conjugated units has lower HOMO-LUMO energy gap [21] . Therefore, the electrochemical properties of the above thio-derivative complexes before and after addition of the acid also suggest cyclocondensation reaction in the presence of a strong organic acid in the Fc-Aq system.
SAMs on gold
The electronic and electrochemical studies indicate that these thio-derivative Fc-Aq complexes are also sensitive to external stimuli, exhibiting a protonation-induced intramolecular electron-transfer reaction in solution. In order to study this process at a molecular level and to construct functional molecular devices, an effectual way to obtain monolayers of them is by making them self-assemble on solid films. By direct adsorption or by in situ deprotection of the thio-moieties by deacylation of thioacetyl group [38, 39] , AqFcSAc tends to be self-assembled on gold substrate, forming monolayers containing the π-conjugated donor-acceptor system, which has been demonstrated by the redox response of Fe(CN) 6 3-/4-hindered by the presence of the SAMs as shown in Figure 3 . But from this figure, we can see that such SAMs were less densely packed on the substrate due to the existence of defects or pinholes. To better study their particular properties at molecular level, more densely ordered SAMs on the film are necessary. Some other methods, such as coadsorption of alkyl thiols to fill-in the pinholes [40, 41] , or subsequent immersion into the solutions of the matrix and active species to get high-quality SAMs [42] , will be under investigation.
Experimental
General methods
All preparations were performed under an atmosphere of dry nitrogen or dry argon, unless otherwise indicated. Solvents and reagents were used as received from commercial sources (Kanto Chemicals or Tokyo Kasei Chemicals) unless otherwise noted. Triethylamine was dried by reflux over KOH and distilled under nitrogen. Toluene and dichloromethane were distilled from CaH 2 under nitrogen. THF was distilled from sodium and benzophenone under nitrogen. All the solvents used for the synthesis, electrochemical and spectroscopic measurements were degassed by the freeze-pumpthaw method.
Spectroscopy
The 1 H-NMR spectra of the samples in chloroform-d 1 or dichloromethane-d 2 were collected with an EX270 or ECX400 spectrometer (Bruker). Infrared absorbance spectra were recorded using a JASCO FT/IR-620V spectrometer. UV-vis-near-IR absorption spectra were acquired with a JASCO V-570 spectrometer. MALDI-TOF mass spectra were recorded with an AXIMA-CFR spectrometer (Shimadzu Kratos). Elemental analysis of the products was performed on a Yanaco MT-6 Type with C, H, N corder at the Elemental Analysis Center of the University of Tokyo.
Electrochemical measurements
Cyclic voltammetry was carried out in a standard one-compartment cell under an argon atmosphere equipped with a platinum-wire counter electrode and an Ag/Ag + (for AqFcSAc and FcAqFcSAc) or The mixed solution gradually turned orange, then gave a dark brown suspension. The reaction process was monitored by TLC. After refluxing for 5 h, the solvent was evaporated under vacuum. The residue was dissolved in dichloromethane, washed with brine (3% w/w), then dried with anhydrous MgSO 4 and filtered off. The product in the filtrate was chromatographed with an alumina column (activity: III, 6φ × 30 cm) using dichloromethane-hexane (1:1 v/v) as eluent. The fourth brown band was collected, and then evaporated under vacuum to give brown-red solid. The solid was recrystallized from dichloromethane-hexane (1:2, v/v) to afford needle crystals of 1-bromo-5-ferrocenylethynyl anthraquinone (1-Br-5-FcAq 
SAMs preparation
SAMs for electrochemical measurements were formed on gold substrates (100 nm on mica). Prior to self-assembly, the gold substrate was annealed by hydrogen flame, then immediately immersed in a solution of AqFcSAc (2.2 mM) in dichloromethane or in a mixture of THF with ammonium hydroxide by in situ hydrolysis of thioacetyl groups to afford the free thiol (under Ar atmosphere) [40, 41] . After deposition for 24 h, the SAM-covered substrate was removed from the solution and rinsed thoroughly with dichloromethane or THF, followed by drying in an Ar gas stream.
Conclusions
Two thio-derivative Fc-Aq complexes with different π-electron conjugative units capable for SAMs formation have been successfully synthesized. Their photochemical and electrochemical properties altering with external protonation demonstrated a cyclocondensation reaction in the presence of a strong organic acid. Expansion of the π-conjugated system in the protonated form results in a lowering of the LUMO orbital level and facilitates intramolecular electron transfer between donor and acceptor. More researches at a molecular level will be detailed studied in the future.
